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Abstract 

We examine the radiative uj — ► 7r°r/7 and p — ► 7r°777 decays in a phenomeno- 
logical framework. We consider the VMD mechanism, chiral loops, intermedi- 
ate ao-meson and p — uj mixing. We find the values of the decay width coming 
from the different amplitudes and compare the results with other studies. We 
observe that ao-meson intermediate state is very important in the case of the 
p — ► 7r°777 decay and small in the other case for which VMD contribution is 
dominant. 
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I. INTRODUCTION 



Radiative decays of low-mass vector mesons into a single photon and a pair of neutral 
pseudoscalars have attracted continuous attention. The studies of such decays have been 
a case for tests of vector meson dominance (VMD), through the sequential mechanism 
V — > PV — > PP7 [1,2]. They also offer the possibility of obtaining information on the 
nature of low-mass scalar mesons. In particular the nature and the quark substructure of 
the two scalar mesons, isoscalar / (980) and isovector a (980), have not been established 
yet. Several proposals have been made about the nature of these states: qq states in quark 
model [3], KK molecules [4] or multiquark q 2 q 2 states [5,6]. 

Theoretical study of uj and p meson decays into a single photon and pseudoscalar n° and 
rj mesons as well as other radiative vector meson decays was initiated by Fajfer and Oakes 
[7]. They described these decays by the gauged Wess-Zumino terms in a low-energy effective 
Lagrangian and calculated the branching ratios for these decays in which scalar meson 
contributions were neglected. In their study, they obtained the following branching ratios 
for uj -> 7T°?77 and p -> tt ^ decays: BR(uj -> 7^7) = 6.26 x 1(T 6 , BR(p -> 7^7) = 3.98 x 
10~ 6 . The contributions of intermediate vector mesons to the decays V° -> P°P° 7 were later 
considered by Bramon et al. [2] using standart Lagrangians obeying SU(3) symmetry. Their 
results for the decay rates and the branching ratios of the decays uj — > n°rj^ and p — > n rj^ 
were T{uj -> 7^7) = 1-39 eV, BR(uj -> ^777) = 1.6 x 10~ 7 and T(p -> 7^7) = 0.061 eV, 
BR(p — > 7r°?77) = 4 x 10 -10 . Their results were not incompatible with those by Fajfer and 
Oakes [7] even if the initial expressions for the Lagrangians were the same. Later, Bramon 
et al. [8] studied these decays within the framework of chiral effective Lagrangians enlarged 
to include on-shell vector mesons using chiral perturbation theory, and they calculated the 
branching ratios for uj — > 7r°?77 and p — > tt !]^ decays as well as other radiative vector meson 
decays of the type V° — > P°P°7 at the one loop level. They showed that the one loop 
contributions are finite and to this order no counterterms are required. In this approach, 
the decays uj — > 7r°?77 and p — > n !]^ proceed through the intermediate vector meson states 



and the charged kaon loops and they obtained the contributions of charged kaon-loops to 
the decay rates of these decays as T(uj — > n r]^)K = 0.013 eV and T(p — > ^r/^K = 0.006 
with the pion-loop contributions vanishing in the good isospin limit. Their analysis showed 
that kaon-loop contributions are one or two orders of magnitude smaller than the VMD 
contributions and the dominant pion-loops are forbidden in these decays due to isospin 
symmetry. These decays were also investigated by Prades [9]. Using chiral Lagrangians 
and the extended Nambu-Jona-Lasinio model he calculated the branching ratios for these 
decays. The branching ratios for the radiative uj — > and p — > decays were 

found as BR(uj — > 7i rj^) = 8.3 x 1CT 8 and BR(p — > 7r°?77) = 2.0 x 10" 10 . Furthermore, 
the radiative uj — > n ^ and p — > 7r°?77 decays were also considered by Gokalp et al. [10] 
taking into account the contributions of intermediate ao-meson and intermediate vector 
meson states. The decay rates and the branching ratios for uj — > 7r°i] / -f and p — > 7r°^7 
decays, they obtained, were T(uj — > Tx°rj^) = 1.62 eV, BR{uj — > n !]^) = 1.92 x 1CT 7 and 
F(p -> 7r%7) = 0.43 eV, 5i?(p -> vr ^) = 2.9 x 10~ 9 . They concluded that although 
ao-meson intermediate state amplitude makes a small contribution to — > 7r r]7 decay it 
makes a substantial contribution to p — > 7r°?77 decay. Recently, the radiative decays of 
the p and uj mesons into two neutral mesons, 7r°7r° and 7i°r], including the mechanisims of 
sequential vector meson decay, p — uj mixing and chiral loops have been studied by Palomar 
et al. [11]. They obtained the branching ratios for the decays uj — > n ^ and p — > tt ^ as 
BR(uj -> 7r°?77) = 3.3 x 10" 7 , BR(p -> tt ^) = 7.5 x 10" 10 and noted that, the dominant 
contribution is the one corresponding to the sequential mechanism for both cases. Indeed, in 
their study the p — uj mixing was found non negligible for uj —> and p — > Ti rj^ decays. 

Theoretically, the effects of the p — uj mixing in the uj — > and p — > 7r ^7 decays 

have not been studied extensively up to now. One of the rare studies of these decays was 
by Palomar et al. [11]. In their study the chiral loops were obtained using elements of 
UxPT which lead to the excitation of the scalar resonances without the need to include 
them explicitly in the formalism. However, in our work the effect of (980) meson in the 
decay mechanisms of uj — > tt !]^ and p — > n°rj^ decays is included as resulting from a -pole 



intermediate state. We study these decays within the framework of a phenomenological 
approach in which the contributions of intermediate vector meson states, chiral loops, p — uj- 
mixing and of scalar ao (980) intermediate meson state are considered. Expressions related 
with branching ratios for uj — > n ^ and p — > n ^ decays are presented in conclusion. 



II. VMD CONTRIBUTIONS 

In our calculation we use the Feynman diagrams, corresponding to this mechanism, 
shown in Fig. la for uj — > 7r°?77 decay and in Fig. 2a for p — > n ^ decay. The Lagrangian 
for the a;p7r-vertex takes the following form 

qf£ = g^erfd^dafr ■ 7? . (l) 

Since the coupling constant g W/97r can not be determined directly from experiments, theo- 
retically it is extracted from some models and obtained the values between 11 GeV~ l and 
16 GeV^ 1 . We use the value as 15 GeV^ 1 for this coupling constant in this work. The 
Uy?7-vertices come from the Lagrangians 

C^ = gv^ ap d l y v d a A P ip , (2) 

where V v is the vector meson field uj v or p v , ip is the pseudoscalar field n° or rj, and Ap is the 
photon field. Using the experimental partial widths for r(V — > 7r°7) and T(V — > 777) [12], we 
determine the coupling constants as g p7r7 =0.696, g prn =1.171, g uni — 1.821, and ^^=0.400. 
For the W?7-vertex we use the following effective Lagrangian 

Pjl^gvv^d.V^dpT) . (3) 

Utilizing the experimental decay widths of the uj — > 3n and — > 37r decays, Klingl et al. 
[13] obtained the coupling constant gyy,, as = g ppv = 2.624 GeU -1 . 

We also use the following momentum dependent width, as discussed by O'Connell et al. 
[14] for V = p or uj meson 



Since is small, this effect is negligible for p — > n !]^ decay. 



III. CHIRAL LOOP CONTRIBUTIONS 

Apart from the VMD contributions, there is another mechanism based on the chiral 
kaon-loop whose contribution is quite small in the two cases, uj — > 7r°r]7 and p — > 7T i]^f. In 
spite of this, we add the kaon-loop contribution for completeness in our calculation. This 
mechanism has been studied in [8,9,11] for these decays and here we follow closely results 
of these studies. 

The one loop Feynman diagrams for uj — > 7r°?77 and p — > n ^ are of the form shown 
in Fig. lb and Fig. 2b, respectively. For the contribution of these diagrams we use the 
amplitude given in Ref. [8] derived using chiral perturbation theory. The amplitude is 

A(V - A 7 k = ~ 6 ^ 2/2 (3p 2 -6k -p- 4il4)[(e ■ u)(k ■ p) - (e • p)(fc • «)]^/(a, 6) (5) 

where I (a, b) is the loop function defined as 

:»G)-»(Di < 6 > 

where a = M^/M 2 K , b = (p - k f/M 2 K , g ~ 4.2 and / w = 132 MeV, f(x) and g(x) are defined 
in [15] which were evaluated by Lucio and Pestieau. 

We will not consider the pion loops for these decays because it does not contribute in 
good isospin limit. 
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IV. SCALAR MESON CONTRIBUTIONS 



We add a -meson as an intermediate state to the decay mechanism of these decays. 
The scalar a -meson contribution were studied before [10,16] by Gokalp et al. within the 
framework of a phenomenological approach for vector meson decays. 



We use the Feynman diagrams for uj — > n ^ and p — > n Q rj^ decays as shown in Fig. lc 
and Fig. 2c, respectively. The vertices, Va^ and a 7i r], come from the Lagrangians 

£y/ 07 = 9va ,(d a V^d a A p - &*V%A a )a (7) 



a n V = tfoomjTT ' «0^7 



(8) 



where we also define the coupling constants gvao-y and Qa Q irq- Since there are no direct 
experimental results for Ka 7-vertex, we use the values for the coupling constants gva -y as 
9 paoi — (1-69 ± 0.39) GeV -1 and g uaol = (0.58 ± 0.13) GeV" 1 which was determined using 
the QCD sum rule method in [17]. The decay rate for the ao — > ^°rj decay resulting from 
the above Lagrangian is 



r(a - A) 
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(9) 



167rM ao \ 

Using the value r ao = (0.069 ± 0.011) GeV [18], we obtain the coupling constant as 
9a nri = (2.32 ± 0.18) GeV. We use energy-dependent width for the intermediate ao-meson 
in the propagators, which leads to an increase of the decay width when compared to the 
calculation done with a constant width. The energy-dependent width for ao-meson is 



r ao (g 2 ) = F 
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(10) 



V. THE EFFECTS OF p - uj MIXING 

In addition to the VMD contribution given in section 2, we also consider the mixing 
of the p and u mesons which is constituted isospin violation effect due to mass differences 
of quark and the electromagnetic interaction. This mixing has been extracted from an 
analysis of e + e~ — > 7r + 7r~ in the p — uj interference region. Guetta and Singer [19] firstly 
considered the p — uj mixing in the vector meson decays and then it was used by Bramon 
et al. [20] and Palomar et al. [11]. New contribution coming from the p — uj mixing is to 



add to the intermediate vector meson diagrams of Fig. la and Fig. 2a for uj — > 7r r]7 and 
p — > 7r°?77, respectively, expressing the mixing between the isospin states which is described 
by adding to the effective Lagrangian a term C = Y\ puJ uj^p^ leading to the physical states 
p = p(I = 1) + eu{I = 0) and uo = oo(I = 0) — ep(I = 1). Then the full amplitude to be 
written as 

A(v -> At) = A (v -> At) + eA(V -> At) , (n) 

where ^4 an d .4. include the contributions coming from the different terms, e is the mixing 
parameter 

E = He£ do) 

M v - M v , - i(M v T v - M v ,r v .) V ; 

and it is obtained as e=(-0.006+i0.036) using the experimental values for My and T v and 
n j0W =(-3811 ± 370) MeV 2 which determined by O'Connell et al. [14]. 

Another effect of the mixing is modifying the propagator in Ao as follow 



l + (13) 



£>y(s) £>y( s ) V gv^j D vl (s) 
with £>y( s ) = s - M v + iM v Y v . 

We express the invariant amplitude A(E y , E n ) using the p — cu-mixing for the u — > 7r°ry7 
as „4(c<j — > 7T°777) = „4°(c<j — > 7r°777) + e„4(p — > n ^) where .A and ^4 are the invariant 
amplitudes coming from the diagrams (a), (b), (c) in Fig. 1 and in Fig. 2. For the 
p — > 7r°r]7 decay, we follow the same procedure and we can write the full amplitude as 
A(p — ► 7r°?py) = A°(p — > 7r°?77) — £„4(cj — > 7r r]7). 

In our calculation, the decay width for these decays can be obtained by integration 

The minimum photon energy is E i rnin =0 and the maximum photon energy is given as 
E~ j>ma x. = [My — (M n + M ri ) 2 ]/2M V . The minimum and maximum values for pion energy 
E n are given by 



_ f E-f .max . f ^tt .max . HT^ 

t v-^=L*^L* e w- (14) 



2(2E 1 M V - Mf) { ~ 2E * Mv ~ Mv{M2y + M '~ M " ] + E " {3M v + M * ~ M ' } 
±£ 7 [ 4£ 2 M 2 + My + (M 2 - M 2 ) 2 - 2M 2 (M 2 + M 2 ) 

+4E 7 M y (-M 2 + M 2 + M 2 ) ] x / 2 } . (15) 

The differential decay probability of V° — > 7r r]7 decay for an unpolarized V°-meson (V = 
u;,p°) at rest is then given as in terms of the invariant amplitude A(E 1 ,E n ) 

— = — —\A\ 2 (16) 

dE lC lE n (2tt) 3 8M v 1 1 1 J 

where E 1 and E n are the photon and pion energies respectively. We perform an average over 

the spin states of the vector meson and a sum over the polarization states of the photon. 



VI. RESULTS AND CONCLUSION 

The contributions of different amplitudes to the decay rate and the branching ratio of the 
decays, oo — > 7r°?77, p — > n ^, are shown in Table 1 and Table 2, respectively. We consider 
the intermediate vector meson, chiral loops, intermediate ao-meson and p — u> mixing. The 
dominant contribution is the one corresponding to the vector meson dominance mechanism 
in two cases except for the p — > n !]^ decay. On the contrary, intermediate ao-meson is the 
dominant contribution of the p — > n ^ decay. 

The resulting photon spectra for the decay rate is plotted in Fig. 3 for the decay uj — > 
7T°777 and in Fig. 4 for the decay p — > n ^. The separate contributions coming from 
vector meson dominance amplitude, u — p-mixing amplitude, ao-meson intermediate state 
amplitude, chiral loop amplitudes and their interference, as well as the contribution of total 
amplitude are explicitly shown. As we can see in two figures, the contribution of the VMD 
amplitude does not change if we add the effect of uj — p-mixing. The situation changes in 
two cases when we include VMD, ao-meson intermediate state amplitude with u — p-mixing. 
The interference term between all contribution is constructive for uj — > n !]^ decay as shown 
in Fig. 3. For the decay p — > 7r°?77, ao-meson intermediate state amplitude contribution is 
quite significant in comparison with other contributions as seen clearly in Fig. 4. 



The effects of the p — uo mixing are too small for both cases, especially for p — > tt 777 
decay it's not any contribution, but it modifies the propagator in the vector meson dominance 
mechanism, so the p — uj mixing should be added the calculation. The loop contribution for 
the uj — > 7T°777 and p — > n !]^ decays is found small due to the relatively high mass of the 
kaons as mentioned also in [8]. 

In Table 3, we collect the results of other analysis and compare our results with other 
studies and experiment. In Ref. [7] an approach with low energy effective Lagrangians with 
gauged Wess-Zumino terms was followed. A different procedure was followed in [9] using 
chiral Lagrangians and the extended Nambu-Jona-Lasinio model to fix the couplings of the 
resonance contribution. The vector meson dominance mechanisms were considered only in 
[2] and then the results were improved in [8] for the V° — > P°P°7 decays using the chiral 
perturbation theory. In [11] VMD, chiral loops obtained using elements of unitarized chiral 
perturbation theory applied in the study of meson- meson interaction, and p — u mixing were 
considered for V — > PP7 decays. Then, in [10] only VMD and intermediate a -meson were 
considered within the framework of a phenomenological approach. 

Since we don't have any experimental value the results obtained for the branching ratio 
of the p — > 7T°rij decay can not be compared with measurements. It should be expected 
that in the near future experiments related with p — > n ^ decay will verify or refute our 
results. For the case of the u — > n !]^ decay, recently the CMD-2 collaboration obtained the 
following upper limit, BR(lu — > n ^) < 3.3 x 10~ 5 [21]. Therefore, evaluated values are in 
agreement with the experimental limit for uj — > ir°rij decay. 
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TABLES 

TABLE I. The decay widths coming from the different contributions to the uj — > 7T°r/7 and 
p — > 7r°7]^. 



L(eV) 


VMD 


VMD+(p — uj) mixing 


K-loop 


ao — meson 


Total 


w — > 7r°r77 


1.51 


1.54 


0.0133 


0.70 


4.83 


p — > 7r°r77 


0.08 


0.08 


0.006 


3.43 


3.44 


TABLE II. The branching ratios coming from the different contributions to the uj — ► 7r°?77 and 
p — > 7r°7]j. 


BR 


VMD 


VMD+(p — uj) mixing 


K-loop 


ao — meson 


Total 


(x> — > 7T°777 


1.79 x 10~ 7 


1.82 x 10~ 7 


1.6 x 10~ 9 


8.25 x 10~ 8 


5.72 x 10~ 7 


/3 — > 7T°r77 


5.27 x 10~ 10 


5.27 x 10~ 10 


4.0 x 10 -11 


2.3 x 10~ 8 


2.3 x 10~ 8 



TABLE III. The branching ratios of the uj — > 7r°r/7 and p — > 71-777 decays in the literature. 



WORK 


uj — > 7r ?77 


p — > 7T°7?7 


[7] 


6.26 x 10~ 6 


3.98 x 10~ 6 


[9] 


8.3 x 10~ 8 


2.0 x 10~ 10 


[2] 


1.6 x 10~ 7 


4.0 x 10~ 10 


[8] 


1.6 x 10~ 7 


4.0 x 10- 10 


[11] 


3.3 x 10~ 7 


7.5 x 10~ 10 


[10] 


1.92 x 10~ 7 


2.9 x 10~ 9 


this work 


5.72 x 10~ 7 


2.3 x 10" 8 


experiment 


< 3.3 x 10~ 5 
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FIGURES 





FIG. 3. The photon spectra for the decay width of to — > 7r 777 decay. The contributions of 
different terms resulting from the amplitudes of VMD, chiral loops, ao-meson intermediate state, 
and p — uj mixing are indicated. 
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FIG. 4. The photon spectra for the decay width of p — > vr 777 decay. The contributions of 
different terms resulting from the amplitudes of VMD, chiral loops, ao-meson intermediate state, 
and p — uj mixing are indicated. 



